Abstract We have investigated the energetic, structural, and other physical-chemical properties (aromaticity, intrinsic strain, hydrogen bond interaction) of 1,4-anthraquinone (1), its better known isomer 9,10-anthraquinone (2) and the derivatives 9-hydroxy-1,4-anthraquinone (3) and 9-methoxy-1,4-anthraquinone (4). In particular, the standard enthalpy of formation in the gas phase at 298. bonding in 3 (HB = 79.8 ± 10.8 kJ mol -1 ), and (iii) additional strain energy due to peri-oxygen interaction in 4 (-34.2 ± 7.6 kJ mol -1 ). A computational study of these species, at the B3LYP/6-311??G(3df,2p) level, sheds light on structural, aromatic, intrinsic strain, or hydrogen bond effects and further confirmed the consistency of the experimental results.
Introduction
Quinones are ubiquitous natural products with great importance as pigments [1] , and they display a wide variety of biological activities, ranging from its crucial role in electron transport chain processes (ubiquinone) to their potent antihemorrhagic activity (vitamin K group) [2, 3] . In plants, plastoquinones are involved in photosynthesis [3] . Many synthetic quinones hold also industrial applications as dyestuffs or pharmaceuticals [1, 2] . They have also been the subject of photochemical and photophysical investigations [4, 5] . The quinone motif appears frequently in the structure of cancer chemotherapeutic agents [6] and, thus, we have investigated naphthoquinones with larvicide activity against the mosquito vector of dengue virus [7] and with strong cytotoxic properties [8] . Some arylated benzoand naphthoquinones showed b-secretase inhibitory activity with potential to ameliorate Alzheimer's disease [9] .
In all these cases, the redox properties of these compounds play an essential role and they also react with many nucleophiles present in living organisms [10] .
Among the different families of quinones, 1,4-anthraquinones have been scarcely studied and only synthetic applications mainly related to the preparation of antitumor anthracyclines have been reported [11, 12] . We have disclosed recently an environmentally benign procedure for the direct preparation of arylated naphtho-and anthraquinones [13] and some of these compounds were tested as antiamyloidogenic agents, also related to Alzheimer's disease [14] .
Thermochemical [15, 16] and theoretical studies [17] have been performed for benzoquinones and naphthoquinones [18] . Several 9,10 anthraquinones and related dyestuffs have also been studied calorimetrically [18, 19] . A recent compilation of phase change enthalpies has been published [20] .
Thermochemical studies provide useful information about molecules and their behavior in chemical reactions [21] and DNA-ligand binding interactions [22, 23] . The implications in drug-design and modern applications in drug discovery such as high-throughput thermodynamics and calorimetry have been recently reviewed [24] , and some authors favor enthalpy-driven optimizations along the drug discovery process [25] . In addition, computational procedures based on different quantum chemical methods [26] or neural networks have been reported [27] .
A systematic earlier investigation on substituent effects on enthalpies of formation of 1,4-anthraquinone derivatives (hydroxy-and methoxy-) was initiated by our research group [28] .
The structural, energetic, and other physical-chemical properties of the parent 1,4-anthraquinone (1), its isomer 9,10-anthraquinone (2) and their derivatives 9-hydroxy-1,4-anthraquinone (3), and 9-methoxy-1,4-anthraquinone (4) (see Scheme 1) are now studied in this work.
This article has the following purposes:
(1) to study the structure of the molecules proposed, comparing the theoretical and available experimental results, (2) to determine experimentally the standard enthalpy of formation in the gas phase,
values of the molecules investigated by means of ''bond separation'' and other isodesmic reactions, (4) to describe the aromaticity of the proposed molecules, applying NICS descriptors as a simple and efficient criterion of aromaticity, (5) to estimate quantitatively the stabilization energy of 1 and 2, applying the isodesmic/homodesmotic reaction schemes to consider the aromaticity and strain effects, (6) to study and estimate an enthalpy related to the strength of intramolecular hydrogen bonding in 3, (7) to evaluate the additional strain energy caused by peri-oxygen interaction in 4,
It is important to mention that nowadays the isodesmic and homodesmotic reactions are widely considered to be the most sophisticated methods for estimating the extra stability due to cyclic p-electron delocalization [29, 30] . The scheme of these reactions uses molecules which retain bond types on both sides of the equation. The isodesmic reactions serve as direct estimation of the total energy of conjugation rather than as reliable measure of cyclic p-electron delocalization, because the stabilization energies derived from these reactions are almost always perturbed by additional effects (e.g., strain, hybridization) that have no roots in aromaticity. The homodesmotic reactions which are isodesmic ones, but where bond and hybridization types for C-C and C-H are matched on both sides of the equation, are more reliable for estimating the extent of cyclic delocalization and intrinsic strain.
Experimental
Material and purity control. Differential scanning calorimetry (DSC) measurements 1,4-Anthraquinone (1) was purchased from Alfa-Aesar Co.
(CAS 635-12-1, mass fraction purity 0.94), purified by crystallization in benzene-hexane and dried under vacuum at 320 K. The purity (mass fraction [ 0.99) was checked by DSC and high-performance liquid chromatography (X Bridge column, Waters). The sample 1 was investigated by DSC over the temperature range from T = 263 K to its melting point, with no phase transition in the solid state being observed. The molar heat capacities, of the solid phase, at constant pressure, C o p;m (cd), were also experimentally determined by DSC, following the methodology described in Ref. [31] .
Combustion calorimetry
The standard molar energies of combustion were determined using an isoperibolic static microbomb calorimeter developed in our laboratory [32, 33] . The energy equivalent of the calorimeter e (calor) was determined from the
Scheme 1 Anthraquinones studied in this work combustion of benzoic acid, NIST standard reference sample 39j with massic energy of combustion of -(26,434 ± 3) J g -1 , under certificate conditions. From ten calibration experiments, e(calor) = (2098.27 ± 0.48) J K -1 , where the uncertainty quoted is the standard deviation of the mean. Additional details are given in section S1 of Supplementary Material.
Knudsen-effusion method
The vapor pressure as a function of temperature for compound 1 was measured by a mass-loss Knudsen-effusion method [34] , using the method described in Ref. [35] .
Full details are given in the Supplementary Material (section S2).
Computational details
The quantum chemical calculations were carried out using the Gaussian 09 package. The geometries of the compounds under investigation as well as those of the reference systems used in the isodesmic-homodesmotic reactions considered were optimized using density functional theory (DFT), with the Becke 3-parameter and Lee-Yang-Parr (B3LYP) functional and the 6-311??G(3df,2p) basis set without symmetry restrictions. Harmonic vibrational frequencies were also calculated at the same level without scaling, to verify that all the stationary points are minima. The level of theory employed in this study is expected to provide reasonable and consistent results for the reactions considered.
In the study, the aromaticity of the proposed molecules, we have calculated Schleyer's aromaticity local descriptor, Nucleus-Independent Chemical Shift (NICS) [36] [37] [38] . It is considered as a simple and efficient criterion of aromaticity which one includes the magnetic effect in cyclic systems with delocalized (or localized) electrons. NICS values were calculated from the negative of the isotropic shift computed upon the center of the ring and out of the plane, at 1 Å , selected points. Calculations were performed by means the GIAO method as included in Gaussian 09, and they have been performed on the RCP defined by the AIM theory as implemented in the AIM200 program. Despite all the criticism [39] [40] [41] [42] , well founded in many cases, regarding this aromaticity descriptor, and the lack of correlation with other aromaticity descriptors [43] , we find this methodology as suitable for our approach given the highly preserved topology among the compounds considered. This makes the calculated NICS (1) comparable for the set of compounds selected.
Results and discussion

Thermophysical properties
The temperature and enthalpy of fusion of 1 were determined by DSC technique as T fus = (500.8 ± 0.5) K and
respectively. The uncertainties are expressed as the standard deviation of the mean experimental values. The T fus value of 1 is less than for 2 (T fus = 558 K) [44] , which would be due to the lower symmetry of 1 (C 2v , see below); inasmuch as, it is known that symmetrical molecules, such as 2 (C 2h , D 2h ), in crystalline form have higher melting temperatures compared with molecules of similar structure but with lower symmetry [45] .
The experimental result of the heat capacity, in the range from 263.15 to 423.15 K, for 1 was fitted to a second order polynomial in temperature,
Experimental and theoretical enthalpies of formation
The results of combustion experiments for 1 are given in Table 1 . The symbols in this table have the same meaning as in Ref. [46] . The uncertainties assigned to the mean value are the standard deviation of the mean. Table 1 gives the derived standard molar energies and molar enthalpies of combustion, and formation in the solid state, referred to the combustion reactions for 1,
The uncertainties of the standard energies and enthalpies of combustion are twice the final overall standard deviation of the mean and include the uncertainties in calibration and in the values of auxiliary quantities. These were estimated by the methods outlined by Olofsson [47] . The values for the standard molar enthalpies of formation of H 2 O(l) and Table 1 Standard (p 0 = 0.1 MPa) molar energy and enthalpies of combustion, sublimation, and formation (in the condensed and gaseous states), at T = 298.15 K
All values are given in kJ mol The enthalpies of sublimation were deduced from the temperature dependence of the vapor pressure (ClausiusClapeyron equation, Eq. 2): The standard molar enthalpies of sublimation and formation in condensed and gaseous states of 1 at T = 298.15 K are given in Table 1 . No experimental results of
ð Þ of 1 have been found in the literature, while these values are available for 2 (-75.7 ± 2.9 kJ mol -1 , taken from Ribeiro da Silva et al. [18] ), 3 (-269.8 ± 5.0 kJ mol -1 ), and 4 (-161.5 ± 4.8 kJ mol -1 ), the two most recent ones obtained in our laboratory [28] .
The consistency of the enthalpies of formation in the gas phase, D f H o m g ð Þ, of the molecules investigated were checked by means of ''bond separation'' (Eq. 4) and other isodesmic reactions (Eqs. 5, 6 and 7):
We have taken the following experimental D f H o m (g) values (in kJ mol -1 ) for reference compounds: ethene (52.47 ± 0.30), methane (-74.87 ± 0.34), and formaldehyde (-115.9 ± 6.7) were taken from Chase [49] ; benzene (82.9 ± 0.9) and anthracene (229.4 ± 2.9) from NIST [44] ; p-benzoquinone (-122.9 ± 3.5), anisole (-67.9 ± 1.2), and phenol (-96.4 ± 0.9) from Pedley [50] 
Structures
The computed energies and enthalpies for the stable conformations of the anthraquinones studied and their equilibrium molar fractions are described in Table S3 of Supplementary Material. The optimized geometries of 1 and 2 (depicted in Fig. 1 ) exhibit a planar structure with C 2v and C 2h (D 2h ) symmetries, respectively. 1 contain naphthalene and quinone fragments linearly annelated. There is a significant distortion in the quinone fragment, the following observations being noteworthy: (i) the double bond C 2 -C 3 with a length of 1.337 Å is the same as the corresponding bond in p-benzoquinone, while a lengthening, of up to 0.088 Å , of C 11 -C 12 bond is observed, (ii) a significant deviation from linearity of two the carbonyl groups is found: the computed angle between them reach 175°.
2 contains fused two benzene ring on both sides of the quinone fragment (Fig. 1) . This molecule has two conformers, with the similar stability: one of them with C 2h and the other with D 2h symmetries. Accordingly, 2 is expected to be an equilibrium mixture of these conformers with the corresponding molar fractions of 0.67 (C 2h ) and 0.33 (D 2h ). In this molecule, the quinone is a symmetric fragment with a significant lengthening (ca. 0.09 Å , respect to the corresponding bonds in p-benzoquinone) of their C 11 -C 12 and C 13 -C 14 bonds attached to the benzene rings as opposed to the olefinic C-C bonds in the parent p-benzoquinone.
3 is a chelated molecule exhibiting a planar structure with symmetry close to C s (Fig. 1) [52] . The calculated r(OH) values for chelated 3 is 3189.1 cm -1 , while r(OH) for the non-chelated conformer, such as 3 a (depicted in Fig. 2) , is 3833.8 cm -1 . Thus, the red-shift of the OH stretching vibration in 3 relative to its non-chelated isomer is Dr(OH) = 644.7 cm -1 , an approximate 20 % effect. It is greater than that found, for instance, in 2-hydroxy-4-methoxybenzophenone [53] or in phenol and 2-hydroxybenzophenone [54, 55] .
4 is not a planar molecule (Fig. 1) . It has two enantiomers formed by rotation of the methoxy group (which is out of the naphthalene ring plane) around the C 3 -C 9 bond. 1 is a polar molecule with a weak dipole moment along its molecular long axis, whose value calculated is 2.62 D, while 2 is a nonpolar molecule due to high symmetry. 3 and 4 are also polar molecules which calculated dipole moments were 1.91 and 2.78 D, respectively.
In general, our computational results for the structure of 1 and 2 were in good agreement with the available experimental data (obtained from X-ray and electron diffraction results [56] [57] [58] [59] , see Table 4 ). The small deviations observed, minor than 0.02 Å and 1 o in distances and angles, respectively, can be attributed to the fact that the experiment is performed in the crystalline phase, while the calculations refer to the gas phase. That is, intermolecular interactions can induce structural distortions that definitionally appear only in the condensed phase.
Aromaticity. Stabilization energies (SE)
The results obtained by NICS (1) local descriptors for the aromaticity of set of six-membered ring systems are shown in Scheme 2. It is known that naphthalene NICS (-10.48) resembles that of benzene (-10.19) , while the NICS of the central ring of anthracene (-12.96) exceeds the benzene value in contrast to the outer rings NICS (-9.66) [36] . The p-benzoquinone NICS (1.27) exhibits its nonaromatic character. This parameter increases progressively for naphthoquinone (2.18), 1 (2.36), and 2 (2.76). Actually, there is a decrease of aromaticity in the benzene rings attached to the quinone, particularly in the central ring of 1 which NICS (-8.97) is lower than for the outer benzene rings. The presence of the hydroxyl group in central ring of 3 affect its aromatic character (NICS = -7.49), whereas the quinone ring NICS (1.37) practically resembles that of p-benzoquinone. Although the NICS descriptors show that the nonaromatic quinone ring alters the aromaticity of the considered systems, it is more difficult to quantify energetically these effects. The stabilization energy (in enthalpic terms) SE, analogous to the Dewar resonance energy (DRE) [60] [61] [62] , of 1 and 2 was estimated by means isodesmic/homodesmotic scheme (Eq. 8), where it has been included s-trans-1,3-
been included as a model for the single C sp2 -C sp2 bond [63] ,
The enthalpies of the reaction (8), considered as the stabilization energies of 1 and 2, obtained from purely experimental data were, respectively, SE(1) = 162.2 ± 7.2 kJ mol . These values are in agreement, particularly excellent for 2, with those obtained from theoretical data: 154.8 and 195.6 kJ mol -1 , respectively. SE energies include not only aromatic (stabilizing) effects but also others, such as strain energy, which have no roots in cyclic p-electron delocalizations. It is important to mention that aromatic effects are not an easy task to separate out and quantify, because the aromatic systems usually are perturbed by additional effects such as strain, changes of hybridization, unbalanced conjugation, etc. Steric effects destabilizing 1 compared to 2 are small.
2,3-Dimethylnaphthalene is the only 2,3-disubstituted naphthalene for which the enthalpy of formation has been reported. There are electronic as well as steric interactions between the two substituents. Consider now the related reaction involving monosubstituted species, (10) . This suggests that electronic effects destabilizing 1 compared 2 are relatively large.
Relative strain energy (DSTE) of 4
The additional strain energy caused by peri-oxygen interactions in 4 may be estimated experimentally by means of isodesmic reaction (7) . It is important to note that in this reaction the oxygen-oxygen interactions are absent in the compounds on the left-hand side. Thus, the experimental relative strain energy (DSTE) of 4 with respect to 1 can be evaluated by enthalpy of reaction D r H o m (7) as DSTE = -34.2 ± 7.6 kJ mol -1 . The convention of the sign chosen ensures that the DSTE is a negative quantity (destabilizing). 
characterized by the physical parameters described before. By analogy with the treatment of strain energy shown above, we can obtain information about HB from the isodesmic reaction (6) . However, the evaluation of HB is not direct, because it is important to consider the contribution of strain effect (DSTE) in the molecule 3, due to the dipolar interaction of its carbonyl groups. The estimated value of DSTE for 4 can be assumed as the same that for 3.
Inasmuch as the enthalpy of reaction D r H o m (6) = 45.6 ± 7.7 kJ mol -1 is equal to (HB ? DSTE), we can deduce that the experimental value estimated for HB is 79.8 ± 10.8 kJ mol -1 . This value can be compared with the following computational result: In the homodesmotic reaction, 3 ! 3 a the chelated 3 molecule is compared to its non-chelated conformer 3 a , where the intramolecular H-bond is absent. We find that the enthalpy of this reaction (associated with HB in 3) is 62.7 kJ mol -1 . It is lower than the HB experimental value, probably due to an overestimation of the experimental contribution of strain effect in 3, which was taken directly from 4.
Combining (OH) values, geometrical data and energetic results described above, allow us to classify the hydrogen bond in 3 as a ''moderate'' [66] or ''conventional-strong'' [67] bond, which has an electrostatic character and belongs to the most common kind of H-bond in both chemistry and nature.
Conclusions
The experimental and theoretical investigation of the structural and energetic properties of the 1,4-anthraquinone molecule (1), its derivatives 9-hydroxy-1,4-anthraquinone (3), 9-methoxy-1,4-anthraquinone (4), and its isomer 9,10-anthraquinone (2) have been reported in this study.
Relevant and consistent sets of thermochemical data and physical-chemical properties, such as intrinsic stability, aromaticity, and strain effects or hydrogen bond interactions, have been discussed, quantitatively estimated and/or checked, basically by means of the methodology of isodesmic/homodesmotic schemes.
We found that all the structures studied share a common feature: the substantial distortion of the nonaromatic quinone fragments, being significant in 1 and their hydroxyl and methoxyl derivatives. The other fragments, such as benzene or naphthalene, are sensible (decreasing of the aromaticity) to the attached quinone.
The experimental value of enthalpy of formation of 1, , (iii) additional strain energy caused by peri-oxygen interaction in 4 (-34.2 ± 7.6 kJ mol -1 ). Finally, it is important to mention that our theoretical calculations, at the B3LYP/6-311??G(3df,2p) level, provided interesting results that served to confirm the excellent consistency of the experimental data.
